We report here the cloning of a Streptomyces lividans gene that when introduced on a multicopy plasmid vector reversed the pigment deficiency phenotype of several distinct mutants blocked in development, pigment production, or both. Although this gene was shown by restriction enzyme analysis to be similar to a previously cloned afsB-complementing gene of Streptomyces coelicolor, we show that it does not correspond to the S. coelicolor chromosomal locus designated afsB. Thus, the cloned locus, which we propose to rename afsR, appears to complement the AfsB-phenotype by pleiotropic regulatory effects.
Mutations in the Streptomyces coelicolor chromosomal locus afsB result in pleiotropic effects, including loss of the ability to make the pigmented secondary metabolites undecylprodigiosin and actinorhodin, as well as a defect in the production of A-factor, a diffusible regulatory substance implicated in both differentiation and secondary metabolism in Streptomyces griseus and in the production of certain pigmented metabolites in S. coelicolor (6) . Horinouchi et al. have cloned (10) and determined the nucleotide sequence of (11) an S. coelicolor gene whose introduction on a plasmid into an S. coelicolor afsB mutant restores A-factor production and results in the synthesis of large quantities of undecylprodigiosin and actinorhodin (9, 10) . They concluded that the cloned DNA insert corresponds to the afsB locus because it complemented the effects of the afsB mutations on the production of these pigments and on the formation of A-factor. The deduced amino acid sequence of the product of the cloned gene suggests that it contains two regions that can fold into a helix-turn-helix conformation characteristic of procaryotic DNA-binding proteins (19) .
While studying Streptomyces lividans mutants defective in pigment production, we cloned and characterized an S. lividans gene (17) that appears to be the structural and functional analog of the afsB-complementing gene in S. coelicolor previously identified. by Horinouchi et al. To investigate this further we constructed, by interspecific protoplast fusion, an S. lividans strain containing the afsB mutation of S. coelicolor. While the mutation was, in fact, complemented by the gene we had cloned, during the course of these studies we observed that a restriction fragment length polymorphism in a DNA segment that hybridized with our cloned afsB-complementing DNA segment did not move from S. coelicolor to S. lividans with the transfer of the afsB-associated phenotype (17) . Here we present evidence indicating (i) that the afsB-complementing genes that Horinouchi et al. and we have cloned independently from S. coelicolor and S. lividans, respectively, are similar by restriction enzyme analysis, (ii) that the cloned regulatory genes do not correspond to the mutated afsB locus identified originally in the S. coelicolor chromosome, and (iii) that the cloned afsB-complementing gene, which we now propose to name afsR, can when present on a multicopy plasmid act * Corresponding author.
pleiotropically to suppress defects in pigment production exhibited by several different S. lividans mutants blocked in early stages of development.
The strains and plasmids used in this study are described in Table 1 . As previously reported (17) , the afsB-complementing gene from S. lividans was cloned by subjecting chromosomal DNA from wild-type S. lividans C14 to partial digestion by Sau3Al, ligating the digest to BamHI-treated DNA of the SLP1.2-derived (thiostrepton-resistance [Tsrr]-carrying) plasmid pJASO1 (12) , and introducing the constructs by transformation (7) into S. lividans D32, a pigmentdeficient mutant of strain C14 isolated in our laboratory. Two plasmids containing inserts capable of conferring production of actinorhodin and a second intracellular pigment presumed to be undecylprodigiosin upon strain D32 were isolated (17); these plasmids (now renamed pJASO1 afsRI and pJASO1 afsR2) contained Sau3A1-generated DNA inserts that subsequently were found to contain overlapping DNA fragments by Southern blot analysis.
A restriction endonuclease cleavage map of the afsBcomplementing insert in pJASO1 afsRl was compared with the published map (10) of the corresponding DNA segment derived from S. coelicolor (Fig. 1) . The two maps were in good agreement except for PstI and BamHI sites present in S. coelicolor but absent in the S. lividans clone. Our finding that a subclone that conferred pigment-forming ability upon strain D32 was rendered inactive by the insertion of a fragment containing the Streptomyces vinaceous-derived viomycin phosphotransferase gene (20) into the unique SphI site of the afsB-complementing DNA is consistent with the observation by Horinouchi et al. that a unique SphI site is present within the coding region of the corresponding S. coelicolor-derived gene (10) .
Southern blot analysis of S. lividans chromosomal DNA, with the cloned insert from pJASO1 afsRl as a probe, showed a map identical to the one obtained for the S. lividans afsB-complementing gene cloned by us and shown in Fig. 1 . Southern blot analysis of chromosomal DNA from S. coelicolor A3 (3) gave a restriction endonuclease cleavage map identical to that obtained for the afsB-complementing gene cloned from S. coelicolor by Horinouchi et al., confirming the existence of restriction fragment length polymorphisms in this region of the S. coelicolor and S. lividans afsR-complementing DNA inserts from the S. coelicolor and S. lividans chromosomes. A 1-kilobase (kb) BamHI-BglII fragment from pJAS01 afsR1, which contains the 9.4-kb BamHI-Sau3Al cloned S. lividans chromosomal DNA insert, was introduced into the unique BamHI site of pBR322, yielding the plasmid pBB2. Additionally, a 9.3-kb BamHI-EcoRI fragment containing most of the cloned insert from pJAS01 afsRl was introduced into BamHIEcoRI-digested pBR322, yielding plasmid pBE5. These two plasmids were mapped by restriction enzyme analysis. The map of the afsB-complementing DNA insert cloned from the S. coelicolor chromosome was taken from reference 11. Southern blot analysis (15) of chromosomal DNA from S. lividans C14 and S. coelicolor M130 (1), using various combinations of restriction endonucleases to digest the DNA and using nick-translated plasmid pBE5 as a hybridization probe, yielded the cleavage maps shown. The location of the afsB-complementing gene (now named afsR) was derived from references 10 and 11. were presumed to have received the mutant afsB locus from S. coelicolor. Two of these strains were designated C28-BH5-2 and C28-BH5-3 and were studied further.
Notwithstanding the transfer of the AfsB-mutant phenotype from S. coelicolor to S. lividans, a restriction fragment length polymorphism in the S. coelicolor chromosomal DNA segment that hybridized with the afsB-complementing gene was not found in S. lividans after genetic transfer of the mutated afsB locus (Fig. 2) . A BamHI-HindIII double digest of chromosomal DNA from the S. coelicolor and S. lividans strains used for the protoplast fusion showed hybridizing DNA fragments that differed in size by 10 kilobase pairs in the two species. The longer BamHI-HindIII fragment was observed in both C28-BH5-2 and C28-BH5-3. As the chromosomally placed genetic locus defined as afsB was transferred between the two Streptomyces species, but the chromosomal region that hybridized to the cloned afsBcomplementing gene was not, the afsB-complementing gene that we and Horinouchi et al. have cloned cannot correspond to the afsB locus of the S. coelicolor chromosome. We have proposed that this cloned gene be renamed afsR.
To determine the extent of the pleiotropic effects of afsR, we tested the ability of this gene to restore pigmentation to additional genetically and phenotypically distinct developmental mutants defective in pigment formation. S. lividans Dl, C15, and D32 were all obtained independently in a mutant-screening procedure in which spores of (wild-type) S. lividans C14 were subjected to UV mutagenesis (7) and then plated onto R2 medium (7) strains were examined by light microscopy, they were found frequently to be misshapen and to have numerous septa. These morphological features are characteristic of the bidA mutants of S. coelicolor (16) . Genetic crosses indicated that the mutated loci of D32 and C15 are closely linked to leu, as is the bidA locus of S. coelicolor. However, introduction of a bona fide S. coelicolor bidA gene cloned on a pIJ101-derived Tsrr plasmid (pIJ2153, kindly provided by J. Piret) (18) did not restore the wild-type phenotype to these S. lividans mutants.
S. lividans mutant Dl grew as a smooth vegetative mycelium that initially was unpigmented but later became yellowish. Parts of a Dl patch were often observed to assume a pink or red color. Dl colonies were severely defective in the formation of aerial mycelia, although they often were seen to produce these structures at the outer edges of a patch of growth. The ability of Dl colonies to produce aerial mycelia and pigment appeared to be enhanced by growth of a wild-type colony in close proximity, suggesting that the phenotype of this mutant can respond to a diffusible factor. The morphology of Dl was similar to that reported for the bldC mutant of S. coelicolor (16) . The morphologies of all of these strains differ from that of the afsB strain C28-BH5-3, which, as is the case with its S. coelicolor afsB counterpart (10) , is not defective in the formation of aerial mycelia. While it is possible that strains D32 and C15 contain mutated alleles of the same gene, the distinctness of the mutated strains Dl, D2, and C28-BH5 has been demonstrated by the high frequency of wild-type recombinants obtained during protoplast fusion between each pair of strains, by their different phenotypic properties, and
Pigment production by wild-type and developmentally blocked mutant strains of S. lividans containing the cloned afsR gene on a multicopy SLP1.2-based plasmid vector. Patches: A, strain C14 containing pJAS01; B, strain C14 containing pJAS01 afsRI; C, strain C28-BH5-3 containing pJAS01; D, strain C28-BH5-3 containing pJAS01 afsRI; E, strain Dl containing pJAS01; F, strain Dl containing pJAS01 afsRl; G, strain C15 containing pJAS01; H, strain C15 containing pJAS01 afsRl; I, strain D32 containing pJAS01; and J, strain D32 containing pJAS01 afsRl.
for D32 and C28-BH5, by their different locations on the S. lividans genetic map (data not shown).
Plasmids pJASO1 and pJASO1 afsRl were introduced separately into protoplasts (7) prepared from S. lividans C14, C28-BH5, Dl, C15, and D32. Transformants selected on the basis of thiostrepton resistance were grown in patches on plates of R2 medium containing 0.2% yeast extract and 2% agar. Wild-type S. lividans strains normally produce only small amounts of the red pigments when grown on this medium. The introduction of the multicopy pJASO1 afsRl plasmid caused a large increase in the amount of pigment produced by the wild-type strain C14 (Fig. 3) . A corresponding observation was reported for the afsB-complementing gene by Horinouchi and co-workers (9, 10) . Plasmid pJASO1 afsRl also caused the occurrence of pigment production in C28-BH5, D32, and C15, which otherwise produced no pigments. However, restoration of the ability to produce aerial mycelia was not observed. Horinouchi et al. have presented evidence that the plasmid-borne cloned gene we have called afsR is expressed constitutively in the wild-type host (11). It is not clear why afsR when present on a plasmid restores pigment formation to a host mutated in afsB or other chromosomal genes, while the chromosomally located copy of the afsR gene in these bacterial mutants does not. Possibly, multiple copies of the afsR locus are required to circumvent the effects of the primary mutation on pigment production. However, we have shown that just one extra copy of the afsR gene introduced into the S. lividans chromosome at the SLP1 att site can provide sufficient afsR gene product to compensate for a mutation in afsB (17) . Zuber et al. (21) have suggested that placing the spoVG promoter on a plasmid alters its conformation and consequently affects the timing of, and requirements for, its expression. An analogous mechanism might be implicated in the effects we have observed for the plasmidborne afsR gene.
The results presented here indicate a close similarity between the genetic maps of the S. coelicolor and S. lividans chromosomes in the vicinity of the afsR gene. This has also been shown for the gal (5, 13) and gyl (2) operons and for the act cluster (14) , all of which appear by restriction analysis to be very similar in S. lividans and S. coelicolor. In addition, the finding that the afsB and ilvB (ilv-3 in S. lividans) loci are closely linked in these two Streptomyces species (17; this study) is consistent with the observation that these two genetic markers occur in virtually the same positions on the S. lividans and S. coelicolor maps (8) .
The apparent circumvention by the afsR gene of defects in other loci in addition to afsB is consistent with the view that afsR is a pleiotropic regulatory gene rather than simply the cloned version of the afsB chromosomal locus. Complementation of the afsB mutant by the cloned afsR gene cannot result just from the production of A-factor by the complemented mutant, since exogenously added, chemically synthesized A-factor does not restore pigment formation to an afsB mutant (10) . Furthermore, we and Horinouchi et al. have independently cloned the afsB-complementing locus (i.e., afsR) on the basis of its ability to reverse the pigment deficiency resulting from mutations in two separate and unlinked genes.
While the mechanism by which the afsR gene can circumvent the effects of several mutations on pigment production is unknown, it seems possible that production of secondary metabolites such as actinorhodin and undecylprodigiosin is dependent on the synthesis of the afsR gene product or one of its precursors at a particular stage of development and that failure of development to progress to this stage precludes afsR gene function. This notion is consistent with our observation that providing the afsR product in trans from the multicopy pJAS01 afsRl plasmid circumvented the block in pigment production without (in the case of Dl, C15, and D32) reversing the developmental block. Use of the cloned afsR gene to introduce mutations into the chromosomal afsR locus (for example, see references 3 and 4) should help elucidate its biological role. 
